It was shown in an earlier paper how to connect, in principle, the biochemical states of a crossbridge with the mechanics of muscular contraction, by the methods of statistical mechanics. The treatment applies to cross-bridges that are able to interact with only one actin site at a time. The present paper shows that it is a straightforward matter to extend the theory to groups of actin sites (three, five, etc.) The generally accepted view, at the present time, concerning the mechanism of contraction of striated muscle includes the following assumptions: (a) the myosin cross-bridges act independently; (b) force may be exerted by a cross-bridge only when it is attached to a site on an actin filament; and (c) each cross-bridge in the overlap zone makes use of a cycle (or cycles) of biochemical states, including attachment to actin and splitting of ATP. For this class of models, there is no ambiguity about the connection, in principle, provided by statistical mechanics, between the biochemical cycle ("dia-
The generally accepted view, at the present time, concerning the mechanism of contraction of striated muscle includes the following assumptions: (a) the myosin cross-bridges act independently; (b) force may be exerted by a cross-bridge only when it is attached to a site on an actin filament; and (c) each cross-bridge in the overlap zone makes use of a cycle (or cycles) of biochemical states, including attachment to actin and splitting of ATP. For this class of models, there is no ambiguity about the connection, in principle, provided by statistical mechanics, between the biochemical cycle ("diagram" is a more general term) and mechanical properties. The general procedure, applicable to any particular choice of diagram, has already been published (1, 2 ) and details will not be repeated here. This amounts to a generalization of a method first used by-A. F. Huxley (3) for a special case.
However, the particular formalism referred to above (1, 2) was developed for the case in which only one actin site at a time can interact with a given cross-bridge, as assumed in the papers of A. F. Huxley (3) and Podolsky and collaborators (4) (5) (6) . Recent work by Moore, H. E. Huxley, and DeRosier (7) and by A. F. Huxley and Simmons (8, 9) suggests the need to generalize the formalism to include the possibility of a group of actin sites (rather than only one) being available to a cross-bridge. Whether the unknown mechanism of muscle contraction actually makes use of such a group of sites remains to be seen.
The primary object of this paper is to show that it is a straight-forward matter, in principle, to include multiple actin sites in the previous formulation. At the same time, two alternate molecular interpretations of the Huxley-Simmons model (8, 9) are suggested and I illustrate some multiple actin site considerations by generalizing somewhat (from my point of view) the Huxley-Simmons analysis.
This subject will be dealt with in more detail in a paper* that will review the statistical mechanical theory (1) at some length.
Groups of actin sites
Plate XI(b) of Moore et al. (7) shows a three-dimensional model of an F-actin filament decorated with myosin subfragment 1 (S1) molecules (one S1 molecule per actin monomer). Fig. 1 (in the present paper) shows a few S1 units from this plate, schematically. The vertical lines represent the actin filament. Each S1 molecule in the figure covers an actin site. The indexes on the S1 units actually refer to the covered actin sites. The usual "one actin site" assumption, mentioned above, might relate, for example, to cross-bridges (S1 + S2) that come down from a myosin filament directly above the actin filament in the figure but that are restricted to attachment at actin sites with one particular index number, say index 0. That is, only these sites would satisfy some stringent geometrical requirement for an appreciable probability of attachment. The repeat distance between 0-sites ( Fig. 1) flexibility of the three-dimensional "hinges" between S1 and S2 and between S2 and light meromyosin (in the myosin filament). For example, the intrinsic strength of attachment of a cross-bridge to a site might decrease in the order 0, ± 1, +2, or possibly in the order -2 to +2, or +2 to -2.
The above discussion is of course reminiscent of the recent Huxley-Simmons model (8, 9 ) and amounts to a specific alternative suggestion as to the possible molecular origin of the group of sites introduced by Huxley and Simmons. The last order mentioned at the end of the preceding paragraph corresponds to that used by Huxley and Simmons (see Eq. 14, below). The Huxley-Simmons sites correspond (8) to discrete minima in the potential energy associated with the actin-Sl angle.
The possibility of a cross-bridge attaching to any one of a group of actin sites might exist with or without* the possibility of transitions directly between neighboring attachment sites. Such a transition would imply "slipping" of the S1 part of the cross-bridge from a particular actin site to either neighboring site-a distance of 55 A-without the cross-bridge detaching sufficiently to come to internal equilibrium (1) within the unattached state. For generality, I shall allow here for the possibility of "slipping." This kind of transition, or some formal equivalent (8, 9) , is of course crucial from the Huxley-Simmons point of view.
In passing, above, from the "one-site" assumption to the "one-group" assumption, I partially relaxed the rather extreme "one-site" geometrical restriction on the accessibility of actin sites. Complete relaxation of this restriction leads to a model in which there is an indefinite array of equivalent actin sites 55 A apart. The formal treatment of this case is quite similar to the above but does require some modification*.
Biochemical state diagram Fig. 2 shows the minimum biochemical diagram necessary to accommodate the possible states of a cross-bridge in the overlap region, from the "one actin site" assumption. (This is the same as Fig. 1 in ref. 1.) The lines indicate possible first-order transitions in either direction. In general, all rate constants involving an attached state (AMD, AM, AMT) are functions of x, where x is the distance (along the actin filament) between the actin site and a convenient reference point on the crossbridge. Transitions are instantaneous and occur at constant x. Further details are available elsewhere (1, *). The cycle most likely to be dominant, according to current biochemical information (10) , is indicated by arrows. If one uses the full diagram of six states, there would be five independent state probabilities and five first-order differential equations in these probabilities. These differential equations apply to isometric or isotonic contractions (2, 3), or to transients, depending on the boundary conditions introduced.
It should be emphasized that the rate constants implicit in Fig. 2 would be expected to differ from those obtained from solution kinetic studies (10) for two reasons: the myofibril has a definite structure and, in addition, some of the "structural" rate constants in Fig. 2 
There is, of course, recent evidence (11, 12) that the diagram in Fig. 2 is too simple, but I am using it here only for illustrative purposes. Now suppose (as an example) we consider one group of three actin sites (0, i 1), separated by 8 = 55 i. Let x denote the position of the O-site relative to the cross-bridge. The other sites are then at x ± 6. We can incorporate this generalization into the theory by expanding the diagram in Fig. 2 to that shown (with labels omitted) in Fig. 3 (4) (5) (6) have made extensive calculations based essentially on the simplified (one actin site) diagram shown in Fig. 4 . The bottom state is an attached state, the top unattached; f and g do not represent inverse processes but rather relate to the (assumed) two rate-determining steps, say in Fig. 2 . The same diagram (Fig. 4) has been used, in other calculations, by A. F. Huxley (3) and by Hill and White (2). Hill and White also made sample calculations on a three-state diagram (2) . If we now generalize Fig. 4 to include a group of two actin sites (indexes 1, 2), we obtain 
The partition function Q2(x) is in this case a Gaussian function which has a probability interpretation at equilibrium (1, *). The force exerted on the actin filament when the cross-bridge is attached to site 2 at x is (1) \g2 ( (for a two-site group).
backward ("slipping") transitions, as usual. This diagram is implicit in the analytical example worked out by Huxley and Simmons (8) . We use the indexes 1 and 2 here to conform to their notation. They assume that the rate constants for 1 -2 and for 2 --1 are fast compared to the fs and gs (9) . Hence, after a sudden length change, the states 1 and 2 will relax ("first stage") to a new equilibrium population ratio before the f and g steps become involved ("second stage"). Huxley and Simmons consider only the first stage (1 2z 2). With their assumption of two different time domains, the second stage could be handled by use of Fig. 4 again, since the two attached states (1 and 2) would remain in internal equilibrium during the relatively slow second stage. Of course, Huxley and Simmons do not interpret the states 1 and 2 as we do above (Fig.  1) , and hence for them 6 # 55 A (their symbol is h). The fastest ("first stage") experimental transients (4-6, 8, 9) occur on a time scale of a few milliseconds. If there are groups of sites involved but with slipping between sites very fast compared to this time scale, then the slipping would be undetectable in these experiments and could not account for the "first stage" transients. In this case, Fig. 3 would collapse back into Fig. 2 (and Fig. 5 --Fig. 4 ). Thus the model of Podolsky and collaborators (4-6) does not exclude "slipping" providing that it is very fast on a millisecond time scale. Consider a pair of actin sites (in the overlap region), site 2 at x and site 1 at x -5. We locate x = 0 as the most favorable position of site 2 for attachment of the cross-bridge to this site. That is, the free energy A2(x) of a cross-bridge that is attached to site 2 at x has a minimum (A20) at x = 0. We assume (and this is the simplest possible assumption) that when site 2 is at an x $ 0, the free energy of the cross-bridge attached to site 2 increases quadratically with x:
A2(x) = A20 + (Kx2/2) Q2(x) = eA2/kT = q2e-KX2/2T [1] where q2 -e-A21kT.
Site 1 is assumed to be similar to site 2, except for a different minimum free energy level for the attached cross-bridge:
[31 Ql(x) = qie-K(X-a)212kT qi = e 1AOkT
Fl(x) = OAI/x = K(x -5).
The fact that q, X q2 is to be attributed to the relative angular displacement of the two sites around the actin filament (Fig.  1) . The force constant K is assumed to be the same for site 1 as for site 2 and x = 0 is also the most favorable position of site 1 for attachment of the cross-bridge to this site (but site 1 is at x = 0 when the variable x = 6). F, (x) is the force exerted on the actin filament by the cross-bridge when it is attached to site 1 at x -5 (with site 2, unattached, at x).
It should be emphasized that it is not necessary to assign the increment in free energy Kx2/2 (Eq. 1), associated with x X O, to any particular part of the cross-bridge (1). It could be due to bending the angle between S1 and the actin filament (13) (this angle is determined by the value of x), bending the angle between S1 and S2, stretching S2 [as in the HuxleySimmons model (8) ], etc., or to any combination of these (9,13).
With site 2 at x, the complete partition function of an attached cross-bridge, at equilibrium, is Q(x) = Ql(x) + Q2(x).
[5]
The Helmholtz free energy of such a cross-bridge is A(x) = -kTln Q(x). [6] This is the potential of the mean force per attached crossbridge:
Fo'(x) = bA/lx. [7] The notation here for the force is needed below. From Eq. 5,
is the probability that an attached cross-bridge is in state 2.
From Eqs. 6 and 7:
[9] The experimental starting point (before a sudden length change, y) is the isometric state of Fig. 4 with an equilibrium distribution between states 1 and 2. For site 2 at an arbitrary xf pon(X) = fAX)/ fX) + 9(X) ]
Here p.n(x) is the probability that the cross-bridge is attached (in either state 1 or 2). The mean force exerted per crossbridge (with site 2 at x) is (the subscript zero refers here to the initial isometric state and the prime to an attached cross-F2(x) = ZA2/Ox= Kx. [2] [4]
p2(X) = n2(x)poG(X), p,(x) = nli(X)pon(X). [10] Proc. Nat. Acad. Sci. USA 70 (1973) bridge)
Fo(x) = pi(x)Fl(x) + p2(x)F2(x) = po0(x)Fo0(x). [11] Fo'(x) corresponds to 40o of Huxley and Simmons. On averaging Fo(x) over x (1, 2), we obtain the mean isometric force per cross-bridge (in the overlap zone),
olated back to y = 0, the intercept on the force axis from the where [12] (ln2 (1 -n2) This expression is linear in y (despite the averaging over x), as in Huxley and Simmons. The factor multiplying Ky is the fraction of all cross-bridges (in the overlap region) that are attached.
For site 2 at an arbitrary (initial) x, the fraction of attached cross-bridges that are in state 2 after the first-stage recovery from the step y is n2(x + y). From Eq. 13, Finally, we consider the rate at which the instantaneous mean force Fi(y) relaxes toward FPI(y) after a sudden step y.
For site 2 at an arbitrary x, we use, following Huxley and Simmons, k+(x) and k1 = constant to denote the respective rate constants for 1 (x -8) --2 (x) and 2 (x) --1 (x -8).
The variable x is constant in these transitions. Also we define r(x)-k+(x) + k-. If the step x x + y occurs at t = 0, we then have for t > 0, F'(x,y,t) = F,,'(x,y) + [F,'(x,y) -FjI'(xy)Ser(x+Y)t. [22] Detailed balance at equilibrium (1) requires that k+(x)Q,(xs = k1Q2(x). Note that the full x dependence of Q2(x)/QI(x) i) absorbed in k+(x), since k-= constant (following Huxley and Simmons). It then follows from Eq. 17 that r(x + y) = kI {1 + [ 2( ] e-av/kT. [23] On averaging F'(x,y,t) over x, 1 j+d/2 Fig. 2 (arrows) to Fig. 5 (with the gi and f2 transitions omitted).
In Eqs. 1 and 3, the quadratic terms in x can be attributed to extension of S2, as in Huxley and Simmons (8) (if the two angles above are rigid), or to bending of these angles (13) away from their optimal values (if S2 is rigid), or to a combination of these (13) , or even to other parts of the cross-bridge.
In any case, with the two stable angles mentioned, 3 _ s/V/2 in Eq. 3, where s = effective length of SI. The exact expression for 3 is easily found from Eq. 13 of ref. 13 . The origin x = 0 is chosen as the actin site position (relative to the cross-bridge) with A2 = A20 = minimum. AMID (state 1) has minimum free energy (A1l) at x = 3. We take A10 > A20, as above (Eq. 14). This completes the reinterpretation of the model. Details are given elsewhere*.
The most obvious objection (10, 11 Qualitative comments on "slipping"
My main objective in this paper has been to extend the theoretical formalism to allow for multiple actin sites and the possibility of "slipping" between these sites. In this section I make a few qualitative comments on the consequences of slipping in isotonic contraction. Further details are presented elsewhere*.
In order to note thle maximal effect, I consider the limiting case in which the slipping transitions are very fast compared to attachment and detachment (as in Huxley and Simmons and the preceding section). Then, in isotonic contraction (2, 3) , as a group of actin sites moves at velocity v, past a fixed cross-bridge, starting from x = + o and heading toward x = -a, an equilibrium probability distribution, among the group of attached states, will obtain at each x. This distribution will be independent of v, though of course the over-all l)robability of attachment, Pon, will depend on v (2, 3) as well as on x. Further, the mean force exerted on the actin filament by an attached cross-bridge, for any value of x, is the equilibrium force Fo'(x) (as in Eq. 7). We can use the preceding section as an explicit example in the case of a group of two sites. We take xO > 3/2 as in Eq. 14.
As the pair of sites 1, 2 moves with velocity v from large positive x toward xo, only site 1 will be appreciably occupied (nf2 _ 0) despite the fact that q2 > qi (state 2 intrinsically more stable). The force here is Fo'(x) _ K(x -3). There is a transition in n2 and Fo' as x = xo is passed, and beyond the transition (x < xo) we have n2 
). There will be a transition from ni ' 1 to n3 _ 1, and in the force, centered about x = xo, with xo defined by n1(xo) = n3(xo). This transition will be roughly twice as broad as in the two site case. Beyond the transition (x < xo), n3 1 and Fo'(x) _ Kx. Thus, qualitatively, the three-site case is similar to the two-site case.
Finally, let us push the two examples above to an extreme. Suppose that there is an indefinite array of sites with site 0 at x (relative to the cross-bridge) and site n (0, ±41, 4 2,...) at x + M3. The "transition" region now occupies the whole x axis. Further, suppose (as is consistent with an indefinite array of sites) that all sites are equivalent (the qns are all equal), except in position. It then follows from Eqs. 5 (generalized) through 7 that Q(x), A (x), and Fo'(x) are periodic functions of x (period 3), with Fo'(x) oscillating about an average value of zero. The physical significance of this is the following. As the array moves with velocity v from large positive x toward negative x (with site 0 at x), regardless of the particular site on which attachment first occurs, the assumed rapid slippage will move the attachment to an equilibrium distribution of attached states centered about the site (n --x/a) nearest x = 0. Thus, slipping will reduce the magnitude of the mean force exerted by the attached cross-bridge to a small positive or negative value, Fo'(x). Appropriate averaging* will then give, in general, a negligible mean isotonic force and efficiency.
Thus, the combination of fast slippage on an indefinite array of equivalent sites can be excluded as a serious model on grounds of poor efficiency. However, as seen above, this conclusion apparently cannot be extended to small groups of sites.
I am much indebted to Drs. Evan Eisenberg and Richard Podolsky for helpful discussions and suggestions.
